The recently introduced Sommerfeld enhancement of the dark matter annihilation cross section has important implications for the detection of dark matter annihilation in subhalos in the Galactic halo. In addition to the boost to the dark matter annihilation cross section from the high densities of these subhalos with respect to the main halo, an additional boost caused by the Sommerfeld enhancement results from the fact that they are kinematically colder than the Galactic halo. If we further believe the generic prediction of CDM that in each subhalo there is an abundance of substructure which is approximately self-similar to that of the Galactic halo, then I show that additional boosts coming from the density enhancements of these small substructures and their small velocity dispersions enhance the dark matter annihilation cross section even further. I find that very large boost factors (10 5 to 10 9 ) are obtained in a large class of models. The implications of these boost factors for the detection of dark matter annihilation from dwarf Spheroidal galaxies in the Galactic halo are such that, generically, they outshine the background gamma-ray flux and are detectable by the Fermi Gamma-ray Space Telescope.
I. INTRODUCTION
In the standard flat, Gaussian, adiabatic, and scaleinvariant ΛCDM paradigm ∼ 80 % of the matter density of the Universe is in the form of dark matter (DM) [1] . The properties of dark matter are largely unconstrained, although a weakly interacting massive particle (WIMP) with a mass ∼ 100 GeV -1 TeV has many attractive features, including that it leads to a relic density of dark matter that is remarkably close to the measured value [2] . No interaction of dark matter either with itself or with standard model (SM) particles other than gravity has ever been observed. However, at the present day we cannot exclude that the dark sector is brimming with a rich phenomenology at weak-interaction scales or lower.
One exciting possibility is that dark matter selfannihilates at a level observable in the Galactic halo today. Detecting this self-annihilation seems unlikely considering the standard self-annihilation cross section; σv ann 3 × 10 −26 cm 3 s −1 for consistency with the observed relic density. However, there are various mechanisms to boost the annihilation signal to a value larger by a few orders of magnitude, e.g., clumpiness of the dark halo [3, 4, 5, 6] or a combination of coannihilations and Sommerfeld enhancement [7, 8] . The possibility of detecting the DM annihilation signal has attracted much attention recently because of the anomalous excesses of high energy electrons and positrons reported by two different experimental groups: the Payload for Antimatter Exploration and Light-nuclei Astrophysics (PAMELA) satellite, which saw a sharp upturn in the positron fraction e + /(e + + e − ) from 10 to 100 GeV [9] , and the Advanced Thin Ionization Calorimeter (ATIC) group, which reported an excess over the expected background in the combined number of electrons and positrons at energies 500 to 800 GeV [10] . The PAMELA result on the positron fraction confirms earlier results [11, 12, 13, 14, 15, 16, 17] and can be explained by DM annihilation [18, 19, 20] . There is still a good chance that these anomalies can be obviated by conventional astrophysical effects, e.g., pulsars [21, 22, 23, 24] . Nevertheless, a plethora of models has been proposed in the last few months explaining the PAMELA and ATIC results in terms of DM annihilation into electron-positron pairs (e.g., [25, 26, 27, 28, 29, 30, 31] ), a description that also naturally accounts for other experimental anomalies, such as the "WMAP haze" [32, 33, 34] , EGRET observations of an excess of high-energy gamma-rays in the Galactic center [35] , and recent HESS measurements of the flux of very high-energy electrons [36] . Model building is complicated by the fact that PAMELA did not observe a similar excess in the ratio of anti-protons to protons [37] , which means that the coupling of the DM particles to quarks must somehow be suppressed.
The largest obstacle to modeling the PAMELA/ATIC signal with DM annihilation is the very large boost factor (10 4 to 10 5 ) with respect to the fiducial σv ann ≈ 3 × 10 −26 cm 3 s −1 required to produce an observable annihilation flux. The boost factor from the clumpiness of the dark matter halo is expected to be small [5, 6, 38, 39] , typically of the order 1 to 10. Therefore, a different mechanism must be responsible for the large boosts necessary. One such mechanism that has received much attention lately is the Sommerfeld enhancement [8, 40, 41, 42, 43, 44, 45, 46, 47, 48] . The Sommerfeld enhancement is a generic effect present whenever there is an attractive force acting between the dark matter particles, e.g., a Yukawa interaction or a gauge interaction through vector bosons [26] . The main effect of this attractive force is to enhance the annihilation cross section σv with a factor proportional to β −1 (β ≡ v/c); this is known as "1/v" enhancement. There are regions in the parameter space made up of the dark matter mass m χ , the force carrier mass m φ , and the force "fine-structure constant" α ≡ coupling 2 /4π in which the enhancement is near a resonance, where it approximately behaves as β −2 . However, the enhancement saturates at a certain β because of the finite range of the attractive force-large (α ∼ 10 −1 to 10 −3 ) attractive forces with infinite range lead to a burst of DM annihilation in the first DM halos formed at z ∼ 100 -200 which would lead to observable effects incompatible with measurements of the diffuse extragalactic gamma-ray background today and the cosmic microwave background [49] . Since the typical velocities of dark matter particles in the Galactic halo today are of the order of the velocity dispersion of the halo, which is non-relativistic (β ∼ 10 −3 ), the cross section of dark matter particles annihilating in the halo could be significantly enhanced by this Sommerfeld effect.
Both observations [50, 51, 52, 53, 54] as well as numerical simulations [38, 55, 56, 57, 58, 59, 60, 61] have firmly established that dark matter halos in CDM are not smooth structures, but that they are filled with a large amount of substructure. These substructures are both in the form of subhalos, self-bound objects orbiting in the Galactic halo, and in the form of streams, relics of tidally disrupted subhalos. Since these substructures are overdense regions in the halo, the dark matter annihilation cross section will be correspondingly higher: Annihilation cross sections scale as the density squared. The effects of these kinds of substructure boosts have been studied extensively during the last decade [5, 6, 39, 62, 63, 64, 65, 66, 67, 68] . However, these subhalos are not only denser than the Galactic halo in which they orbit, they are also kinematically colder than the Galactic halo, with velocity dispersions that are typically two orders of magnitude smaller [69, 70] . This means that the Sommerfeld enhancement in these subhalos can be many orders of magnitude larger than the Sommerfeld enhancement acting in the Galactic halo taken as a whole.
In addition to this larger boost caused by the small velocity dispersion in the subhalos, these subhalos themselves are filled with an abundance of substructure which is approximately self-similar to that of the main halo. Each of these even smaller substructure has a larger density than the subhalo in which they are orbiting (quantified by the well established concentration-mass relationships for CDM halos [71, 72] ) as well as a smaller velocity dispersion. This opens up the possibility that the dark matter annihilation signal in these already cold subhalos can be boosted even further by contribution of their substructure.
In this paper we quantify the magnitude of this new substructure boost and discuss its implications for the detection of dark matter annihilation from subhalos in the Galactic halos. As we will show, the total combined boost from Sommerfeld enhancement and substructure can reach very large values (10 5 to 10 9 ), and these boosts are only weakly dependent on the assumptions that we have to make about the abundance of substructure and the DM density profile. We use these total boosts together with published DM density profiles of some of the dwarf Spheroidal satellite galaxies of the Milky Way to predict the total flux of gamma-rays from DM annihilation that would be detectable by the Fermi Gammaray Space Telescope (Fermi) and find that in most of the models that posit the Sommerfeld enhancement the DM annihilation signal from the dwarf Spheroidals shines above the diffuse extragalactic gamma-ray background, which is the only background signal at the high Galactic latitudes of these satellite galaxies. Finally, we also consider the prospects for detecting smaller subhalos of the Galaxy by computing annihilation fluxes of subhalos in the Via Lactea II simulation. Whether these subhalos will be detectable in the near future depends on the exact details of the Sommerfeld enhancement.
II. THE SOMMERFELD ENHANCEMENT
The simplest example of the Sommerfeld effect that contains all of the generic features described in the introduction is that from an attractive Yukawa type force mediated by a spin-0 boson φ between the DM particles, and we adopt that description here. The Sommerfeld effect is a non-perturbative effect in the sense that in the language of quantum field theory it comes about from Feynman diagrams in which the force carrier is exchanged many times before the annihilation actually happens, giving rise to so called "ladder diagrams". However, we can study the Sommerfeld effect in simple, non-relativistic quantum mechanics (see the appendix in Ref. [26] ). We are instructed to solve the radial Schrödinger equation (in natural units)
subject to the boundary condition dψ/dr = im χ βψ as r → ∞. Here m χ and m φ are the mass of the dark matter and the force carrier, respectively. Using the substitution r → αm χ r this becomes
with boundary condition
The Sommerfeld enhancement S is then given by
Equation (2) shows that the Sommerfeld enhancement is only a function of two variables, which can be chosen as α/β and αm χ /m φ . The qualitative features of equation (2) have been widely discussed and, therefore, we will merely mention them here without proof (see, e.g., Refs. [8, 26] ). When the kinetic energy of the collision is much larger than the product of the force carrier mass and the coupling, then the Yukawa interaction can be approximated as an attractive Coulomb interaction, for which an analytical solution in terms of hypergeometric functions exists. The Sommerfeld enhancement is simply given by
From this we see why the Sommerfeld enhancement is often referred to as a "1/v" enhancement for small velocities β ≪ 1. In the limit of a vanishing interaction (α/β ≪ 1) the Sommerfeld enhancement disappears as S → 1. The 1/v behavior, which diverges for small β and leads to an overproduction of high-energy photons in the early Universe [49] , saturates as a consequence of the finite range of the Yukawa interaction at a velocity β ≈ m φ /m χ and settles on a value S ≈ αm χ /m φ . However, at some parameter combinations the Yukawa potential has bound states, at which there are large boosts to the annihilation cross section which go approximately as S ∝ β −2 . These resonance regions, however, are cutoff at small β by the finite lifetime of the bound state. We expect these three different behaviors (1/v, saturation at low v, and resonance effects from the existence of bound states) to be generic among different models of the Sommerfeld enhancement (see also the discussion in the appendix of Ref. [26] ).
Equation (2) can also be numerically integrated efficiently, by integrating the solution ψ(r) = e iβr/α inwards from a radius satisfying
In the Coulomb regime (m χ β 2 ≫ αm φ ) this means that the initial value for the integration should be such that r ≫ α 2 /β 2 ; otherwise we should start at r ≫ αm χ /m φ . Figure 1 shows the Sommerfeld enhancement in the parameter plane made of α and m φ /m χ . All of the qualitative features we discussed above are present: In the Coulomb regime (lower part of the two panels) we see that the enhancement scales as α, saturating at S ≈ 1 when α becomes small; The fact that the upper left corner of both panels is approximately the same shows that the Sommerfeld enhancement saturates at β ≈ m φ /m χ ; The sharp diagonal lines in the upper right of both panels show the resonance region, in which the enhancement is sharply peaked. Because of the scaling properties of equation (2), shifting log β is equivalent to shifting both log α and log m φ /m χ by the same amount. Therefore, the β behavior of the enhancement can also be read off from these figures along diagonals. Inspection of the resonance diagonals in the second panel of Figure 1 shows that the enhancement grows as β −2 in these regions. Of course, when considering the Sommerfeld enhancement of a halo of a certain velocity dispersion σ v we need to average the Sommerfeld enhancement over the distribution of relative velocities of that halo. We will approximate the one-particle velocity distribution of the halo as a single truncated Maxwell-Boltzmann distribution with (2) the behavior of the Sommerfeld enhancement as a function of log 10 β can actually be read off along diagonals in the plane.
This approximation of a single Maxwell-Boltzmann distribution for the velocity distribution means that we assume that the halo has a constant velocity dispersion over the halo, i.e., that the halo is isothermal. This is not necessarily the case-indeed, it is not if we believe that the density profiles of DM halos are well fit by Einasto or NFW profiles-but it is not a bad assumption for intermediate distances from the halo's center, i.e., between the innermost and outermost parts of the halo [73] . A more detailed treatment of the Sommerfeld enhancement in subhalos should take the non-uniform velocity dispersion in subhalos into account. Note that in the pure 1/v regime the averaging will tend to sustain the 1/v behavior up to a factor O(1), as we have that
since the truncation does not significantly influence the result of these integrals. Similarly, in the resonance region the 1/v 2 behavior is conserved by the averaging. When the enhancement has leveled off the averaging has no effect.
In Figure 2 we show this averaged Sommerfeld enhancement for four different decades of velocity dispersion. The overall behavior of the Sommerfeld enhancement seen in Figure 1 is indeed conserved well by the averaging: this has to do with the fact that the most probable relative velocity in a Maxwell-Boltzmann relative velocity distribution is the velocity dispersion. The Sommerfeld enhancement attains very large values for subhalos with very small velocity dispersions, mostly, but not exclusively, in the resonance regions. This means that the smallest subhalos that exist in CDM will get large boosts to their DM annihilation from Sommerfeld enhancement.
III. SUBSTRUCTURE BOOSTS FROM SOMMERFELD ENHANCEMENT
The photon flux from DM annihilation from a solid angle ∆Ω along a given line-of-sight (los) is given by
where E th is the threshold energy of the detector, i denotes (possibly) different final states of the DM annihilation,
is the spectrum of the annihilation to that state, σv i is the annihilation cross section to state i (without the Sommerfeld enhancement), S (m φ /m χ , α, β) is the Sommerfeld enhancement which we have factored out of the cross section, and ρ(l) is the DM density along the line-of-sight. We emphasize that this framework also allows us to consider different final annihilation products, such as the electrons and positrons observed by PAMELA/ATIC.
We will focus our analysis on the "structure quantity" L(M ), which we define here as
This structure quantity does not only depend on the mass and internal properties of the DM halos in which we are interested, it depends on the particle physics parameters as well. We will keep all of the other factors in equation (9) fixed. However, in order to derive actual numbers for the photon flux from DM annihilation, we briefly describe the other quantities appearing in equation (9) .
A. Some details of the particle physics model
For the annihilation cross section prior to any Sommerfeld enhancement we will adopt the fiducial value σv = 3 × 10 −26 cm 3 s −1 , and we choose a fiducial mass for the DM particle of m χ = 700 GeV. The energy spectrum of the DM annihilation depends on the model used to describe the DM and its interactions; it is outside of the scope of this paper to provide a detailed treatment of this for different DM models. Therefore, we will adopt an annihilation spectrum for DM annihilation into photons appropriate for the newer models that were proposed to explain the PAMELA/ATIC results. Specifically, we use a gamma ray spectrum from a cascade annihilation model. In these models the DM annihilates into a new light degree of freedom which then in turn decays into leptons and photons. The injection spectrum per DM annihilation is given by [74] 
in which α EM is the electromagnetic coupling constant and m l is the mass of the leptons created in the process χχ → l + l − γ. Integrating this spectrum using an energy range appropriate for Fermi we find that
We find a similar number if we integrate the spectrum from one cascade step. It is interesting to note that these photon spectra have fewer photons in them, about an order of magnitude less, than the annihilation spectra from neutralino annihilation which are often used [75, 76] . Of course, since the energy spectrum contributes a multiplicative factor to the DM annihilation flux, the effect of different annihilation spectra can be incorporated by simply multiplying our results with the appropriate factor.
B. The Dark Matter profile
Since the photon flux from DM annihilations depends on the density squared of the DM the exact form of the inner density profile has important ramifications for the detectability of DM annihilation. The density profile of
Sommerfeld enhancement factor as a function of the particle physics parameters assuming a one-particle MaxwellBoltzmann velocity distribution with velocity dispersion σv for four different orders of magnitude of the velocity dispersion (all velocities are relative to the speed of light).
dark matter halos has been discussed extensively in the last few years. While the shape of the outer density profile seems to have converged in the various numerical simulations of DM halos and a consensus has been reached, the detailed shape of the inner density profile is still a matter of debate. The main point of contention is whether the density profile is cusped near the center of the DM halo, and if so, how steep this cusp is, or whether the density asymptotes to a constant value at the center. Since this discussion has a non-negligible impact on the prospects for DM annihilation detection, we will briefly discuss the various plausible density profiles.
The inner structure of DM halos is one of the key predictions of the CDM paradigm, and over a decade ago it was shown that the spherically averaged density profiles of DM halos are well described by a universal profile, the so-called NFW profile [77, 78, 79] , depending only on the virial mass of the halo and its concentration. Moreover, the concentration was shown to depend systematically on the halo mass [71, 72, 78, 79, 80, 81] . This profile was found to provide a good fit to many numerical simulations (e.g., [82, 83, 84] ). While there seems to be a consensus between different numerical simulations on the shape of the outer density profile, no agreement was reached on the inner density structure of the DM halos found in the simulations. The NFW profile has an inner slope of -1, other studies, however, found evidence for steeper inner slopes [85, 86, 87, 88, 89, 90, 91] , shallower inner slopes [92] , or didn't find any convergence toward a power-law behavior [93] . Even the universality of the density profile has been brought into question [94, 95] .
More recently, high-resolution numerical simulations have essentially ruled out the steepest cusps, such as Moore's profile, which has an inner cusp a with logarithmic slope of -1.5, however steeper inner cusps than the original NFW profile are still observed in numerical simulations [96] . Other recent simulations find inner slopes that are shallower than an NFW profile [97, 98, 99] . It also has become apparent in recent years that the inner density profile of DM halos might not be described by a power-law divergence, but that, on the contrary, the logarithmic slope becomes ever shallower, leading to a cored density profile [61, 98, 99, 100, 101, 102, 103, 104] . Therefore, density profiles such as the Einasto profile [105, 106] have been shown to provide an excellent fit to the numerical simulations with the highest resolution yet [61, 98] .
The implications of the exact form of the inner density profile have been widely discussed before in the context of various DM annihilation models (e.g., [75, 107, 108, 109, 110, 111, 112, 113, 114, 115, 116] ). Roughly speaking, the annihilation flux is smaller for inner density profiles which are cored, and larger for inner density profiles which show a cuspy behavior. The steeper the slope of the inner cusp, the larger the DM annihilation flux (for obvious reasons). Since the core vs. cusp debate is still undecided we will consider DM distribution models of both types.
The cuspy DM profile we will use is a generalized NFW profile (GNFW):
in which ρ s is a characteristic density and r s a characteristic (scale-)radius. The original NFW profile is recovered for γ = 1 [79] , which we will use as the fiducial model in what follows. Varying the value of the inner logarithmic slope γ will allow us to describe the effect of steeper and shallower inner slopes than the NFW model. Note that this functional form does not include the exact form of Moore's profile; this need not concern us since inner cusps as steep as Moore's profile are excluded by the latest numerical simulations. The contribution of the DM density profile on the structure quantity L can be simply evaluated in the context of any density model. As in Ref. [65] we assume that the distance to the subhalo D is much larger than the scale-radius of the DM halo. For an NFW profile 90% of the flux originates from the region within one scale-radius, and we will, conservatively, only take contributions to the DM annihilation flux coming from this region for all of the different profiles. Therefore, we find that
The normalization of this relationship depends on the logarithmic slope of the inner cusp and is given by
The normalization for the NFW profile is 7π/6 and it depends strongly on the value of the logarithmic slope of the inner density profile, as can be seen in Figure 3 . The bottom panel of Fig. 3 shows the fraction of the DM annihilation flux coming from region within one scaleradius of the halo. For reasonable values of the inner slope this fraction is in the range 80 to 95%. (14) for the GNFW profile. The functional dependence of the normalization on the exponent γ in the profile given in equation (13) is given in equation (15) . Bottom: Fraction of the emission that comes from the region within rs.
The Einasto profile is characterized by an everdecreasing logarithmic inner slope. It's functional dependence on the radius is given by
Here, ρ −2 is the density at the radius r −2 where the local slope is -2 and α is a shape parameter often fixed at a value ∼ 0.17 [61] . As above, assuming D ≫ r −2 , calculating the flux originating from within the radius r −2 , we find that
The normalization depends on the value of α and is given by
where γ[a, z] is the lower incomplete gamma function. The dependence of this normalization on α is shown in Figure 4 . In order to compare the Einasto profile as described here to the GNFW profile, we can relate the parameters (ρ s , r s ) of the GNFW profile to the parameters (ρ −2 , r −2 ) of the Einasto model by calculating the radius at which the logarithmic slope of the density versus radius profile equals -2. Thus, we find that (17) for the Einasto profile. The functional dependence of the normalization on α in the profile given in equation (16) is given in equation (18) . Bottom: Fraction of the emission that comes from the region within r−2.
Note that the DM annihilation flux from the Einasto profile, although it seems larger from Figs. 3 and 4, is actually smaller in general, since there is a factor of 2 6−2γ involved in going from one to the other.
Further on it will sometimes be useful to describe the DM density profiles by different parameters than a characteristic density and radius. Another set of parameters is given by a concentration parameter and a mass. The virial radius r vir of a halo is defined to be the radius within which the mean density of the halo is ∆ times the critical density ρ c , where ∆ = 178 Ω 0.45 m ≈ 100 [117, 118] . The virial mass is simply the mass contained within a sphere of radius r vir
The concentration for both the GNFW profile as for the Einasto profile is then defined by
A characteristic mass of a halo is given by the virial mass defined above. The virial mass of the GNFW profile in terms of the characteristic density ρ s and the characteristic radius r s is
in which the function f (c) is given by
The function 2 F 1 (a, b; c; z) is the Gauss hypergeometric function. In the γ = 1 case f (c) is given by the familiar form f (c) = ln(1 + c) − c/(1 + c). The virial mass for the Einasto profile in terms of the characteristic density ρ −2 and the characteristic radius r −2 is
(24) In this last expression γ [a, z] is the lower incomplete gamma function. The density can then be expressed in terms of the concentration by using the definition of the virial mass given in equation (20) .
Another pair of parameters that one can use to characterize the DM density profile is the maximum circular velocity v max and the radius at which this maximum occurs, r max . These parameters are especially well-suited when dealing with numerical simulations, since they can be readily read off from the raw simulation data. The circular velocity is given by
in which x ≡ r/r −2 and f (x) is defined in equation (23) in the case of a GNFW profile and is given by γ 
and v max follows then immediately.
C. Calculating the total boost
As is customary, we will write the total structure quantity L(M ) as a sum of a smooth component and a substructure component:
The smooth contribution to the structure quantity is the product of the Sommerfeld enhancement S and the lineof-sight integral over the DM density squared, given for the different DM density profiles in equations (14) and (17) . Therefore,
in which L sm,v=c is the luminosity that would come from the smooth component of the halo in the absence of Sommerfeld enhancement.
We can now write
We will from now on write the substructure boost as B(M). Then we have the following
Here we have introduced the subhalo mass function dN/dm, which gives the abundance of subhalos of mass m.
Before proceeding we should specify the upper and lower limits of the integral appearing in equation (30) . The integration over ever smaller substructures is cutoff at the size of the smallest subhalos. The mass scale at which this cut-off occurs is the thermal freestreaming scale, a DM model-dependent quantity, which in many DM models lies in the range 10 −6 to 10 −12 M ⊙ [119, 120, 121, 122, 123] . The upper limit to this integral is some fraction q of the halo mass M , since the abundance of substructure does not continue up to this mass scale. In the following we will set q equal to 0.1.
In order to calculate the total boost from substructure to the annihilation cross section, we will write all of the quantities appearing in equation (30) as a function of the mass m. For instance, from numerical simulations, the subhalo mass function is well constrained to follow a power-law type behavior:
The value of the exponent n is still under debate. The two highest resolution N -body simulations yet, the Aquarius and Via Lactea projects, both find values for n that put roughly equal amounts of mass per subhalo mass decade. While the Via Lactea simulation seems to prefer a value n = −1 [6, 124] , which would lead to a logarithmically diverging total mass in substructures if the subhalo abundance were not cut off at the thermal freestreaming limit of the dark matter, the Aquarius project prefers a value n = −0.9 [61] . As the Aquarius project has made detailed convergence studies that support their claim for a value of n that is shallower than -1, we will adopt the value n = −0.9 as our fiducial value, although even shallower slopes have also been observed [125] . The same slope has also been observed in other simulations [126] .
With the exponent n fixed, we turn to the normalization of the relation given in equation (31) . Again, different high-resolution numerical simulations give different answers to this question as it relates to the abundance of subhalos of Galactic subhalos. The problem of the normalization is complicated by the fact that numerical simulations have only recently begun to be able to resolve substructure in subhalos in a Galaxy-size halo. While the simulations generally agree that the resolved substructure abundance of subhalos in the host halo adds up to ∼ 10% of the total mass of the halo [55, 58, 64, 91, 127, 128] , the question of whether the substructure abundance in subhalos is just a scaled-down version of the substructure abundance in the host halo remains unresolved. One would not expect the abundance to be self-similar, since, while substructure in both the main host halo and subhalos gets diminished by tidal disruptions, substructure in the subhalos does not get replenished by the infall of halos from the field, as is the case for the host halo. Nevertheless, many numerical simulations do find approximately self-similar substructure abundances [57, 129] . Recently, the Aquarius simulation has concluded from its simulation that the substructure abundance is not self-similar, although the deviation from the self-similar relation is small [61] . Therefore, we will adopt a normalization here which places 10% of the mass of the subhalo in the form of "resolved" substructure, where we adopt the definition that resolved substructure is in halos of mass 10 −5 M . In the previous section we calculated L sm,v=c for the different DM density profiles and found in all cases that
for a characteristic density ρ and radius r, the exact definition of which depends on the specific DM density profile used. In order to find the mass dependence of L sm,v=c , we use the description of the DM density profile in terms of virial mass M vir and concentration c. We then make use of the fact that many simulations have found a relation between the concentration of halos and their mass [71, 72, 80, 81] , such that everything depends only on the mass. This relation is well established over a large range in halo masses, and we will adopt the particular relationship found in Ref. [130] c = 10.5
in good agreement with the results of other, similar analyses [71, 131] , although the normalization of the concentration-mass relation is about 15% lower than the original relation. However, the concentration of subhalos is generally larger than the concentration of field halos of the same mass as a result of tidal mass-loss [55, 132, 133, 134, 135] . This is a small effect, of order 10%, and it does not play a large role in the results we obtain below. This concentration-halo mass concentration has not just been established in numerical simulations: statistical weak lensing analysis of luminous red galaxies and clusters from the Sloan Digital Sky Survey (SDSS) has shown that the halo profiles of these objects are consistent with the NFW profile and mass-concentration relation given above [136] .
The only remaining quantity in equation (30) that we haven't related to the mass of the subhalo yet, is the Sommerfeld enhancement factor S. The Sommerfeld enhancement depends on the mass of the subhalo through the velocity dispersion. Therefore, we need to relate the velocity dispersion of a DM subhalo to its mass. It is important to note that all we really need is an approximate relationship between the velocity dispersion and the halo mass which fits well the range of Galactic size halos to a scale not much smaller than the mass scale of the smallest dwarf Spheroidals known today, since in most cases the Sommerfeld enhancement will saturate at velocity dispersions of the order of the velocity dispersion of the dwarf Spheroidals. This means that the specific form that we adopt below for the velocity dispersion-mass scaling relation does not matter greatly.
On the scale of clusters there is a well-defined relationship between the mass of a DM halo and its onedimensional velocity dispersion which one can derive from adiabatic scaling arguments [118] given by
This scaling relation can be easily derived in the case of an isothermal distribution function [137] , since then
from which equation (34) immediately follows. This scaling relation has been found to describe numerical simulations of cluster-sized halos extremely well [77, 82, 118, 138, 139, 140] . From recent numerical simulations it seems that we can use this relation even for subhalos of subhalos in a Galaxy sized dark matter halo. In Ref. [61] it is shown that the relation between the maximum circular velocity of a subhalo and its mass is well fit by a power-law of the type
Using the circular velocity at r −2 as a measure of the halo's velocity dispersion gives σ v ∝ m 1/3.5 . Alternatively, we could use the circular velocity at the virial radius as a measure of the velocity dispersion. In the case of an NFW profile we have that
in which f (x) = ln(1 + c) − c/(1 + c) ≈ 2.6(c/33) 0.4 in the relevant concentration range. Using equation (33) , this gives
Therefore, we will use (as a rough approximation) the scaling relation given in equation (34) . We calibrate this relationship at the mass scale of the dwarf spheroidals by using the velocity and mass of Canes Venatici I from Ref. [70] .
D. The total and the "reduced" boost
We define the total boost for a given subhalo mass as (see equation [29] )
in which S(M ) is the Sommerfeld enhancement for a halo of mass M and B(M ) is the substructure boost for a halo of that mass, as defined in Eq. (30) . This total boost for subhalos of mass M = 10 8 M ⊙ and M = 10 7 M ⊙ calculated by following the procedure outlined in the previous subsection is shown in Figure 5 (top panels). It is immediately obvious that the total boost factors can get very large in certain regions of the parameter space spanned by m φ /m χ and α: boosts vary between 10 2 to 10 9 . These masses correspond to the typical masses of the classical and newly-discovered dwarf Spheroidals (dSphs) and as such their velocity dispersions are of the order 10 −5 . The pattern of resonance regions and nonresonance regions that appears for the pure Sommerfeld enhancement (as shown in Figure 2 ) is also apparent in these plots of the total boosts, however, it is noteworthy that the resonances seems to be more highly peaked than they were in the pure Sommerfeld enhancement case, and that the boost the lower half of the parameter space, i.e., for smaller values of m φ /m χ , are higher than one would expect from the pure Sommerfeld enhancement combined with a boost factor from pure density enhancements. This is confirmed by looking at the "reduced boost" defined as
in which B 0 (M ) is the boost we would find if we turned off the Sommerfeld enhancement in the calculation of the total boost, i.e., the boost we would get if we set S(m) equal to one in equation (30) . This B 0 corresponds to the boost factor that has been used before to estimate the total boost from density enhancements in dSphs and it is generally O(10). This reduced boost therefore divides out the contribution of the Sommerfeld enhancement of the top-level subhalo and the boost from the overdensities in lower-level halos, and it would be equal to one if there were no extra boost coming from the fact that the substructures are kinematically colder than the main subhalo. As we can see in Figure 5 (bottom panels), in various parts of the Yukawa coupling parameter space this reduced boost is equal to one such that there is no extra boosts caused by the lower velocity dispersion in the substructures. This is mainly the case for large values of the parameter m φ /m χ , since the Sommerfeld enhancement, in the 1/v regime, levels off around S ∼ m φ /m χ , and since the top-level subhalo has a velocity dispersion of ∼ 10 −5 this means that the Sommerfeld enhancement has mostly saturated at these large values of m φ /m χ , even in regions of parameter space in which α is small. Indeed, in the 1/v regime the Sommerfeld enhancement is ∼ α/β ≈ 10 2 for α = 10 −3 , such that the Sommerfeld enhancement has fully saturated over the whole α range for large values of m φ /m χ (m φ /m χ ∼ 10 −2 ). However, the Sommerfeld enhancement has not saturated in all regions of parameter space at this mass scale, and for smaller values of m φ /m χ and especially in resonance regions, the reduced boost can reach high values,
FIG. 5:
The total (defined in Eq. [39] ) and reduced boost (defined in Eq. [40] ) for subhalos of two different mass scales. The dark matter profile of all the subhalos is assumed to be well-described by an NFW profile.
signaling a large extra boost caused by the kinematically coldness of the substructure. For small values of m φ /m χ we see that we can get boosts that are an order of magnitude to two orders of magnitude larger than what we would expect from naively combining the Sommerfeld enhancement from the velocity dispersion of the subhalo with the boost from density enhancements alone. This can be easily understood as being a consequence of the fact that the Sommerfeld enhancement has not saturated yet at the mass scale of the top-level subhalo, such that it can be boosted up to it saturation point by the contribution from the kinematically colder substructure.
The largest values of the reduced boost are found in the resonance regions. In these regions the Sommerfeld enhancement both grows faster with decreasing relative velocity as well as saturates at a much larger value of the enhancement. Both of these effects conspire to give very large extra boosts. The resonance regions are clearly distinguishable in this plot of the reduced boost as 45
• lines.
Because the resonance regions are so narrow the apparent extra boosts in different resonances seems to vary greatly, but this is mostly caused by the finite resolution of this figure. Extra boosts up to ∼ 10 5 are obtained in these resonances, and these extra boosts increase along the resonances when decreasing α, again caused by the higher saturation level for smaller m φ /m χ values.
The total boost factors obtained by assuming an NFW dark matter density profile do not depend much on the inner slope of the density profile. This is mainly because the calculation of the boost only considers relative luminosities, for which the difference in normalization of the L ∝ ρ 2 relation for different inner slopes is irrelevant, and because the mass of the subhalo is only weakly affected by the value of the inner slope-the function f (c) is only a weak function of the inner slope. This is confirmed by calculating the total boost for a M = 10 8 M ⊙ subhalo for a subhalo with a very shallow inner cusp as well as for a subhalo with a very steep inner slope. These 8 M⊙ subhalo for different shapes of the DM density profile: a generalized NFW profile described by an inner slope γ (top panels); an Einasto profile described by a shape parameter α (bottom panels).
are shown in Figure 6 (top panels), and, from comparing this with the total boost shown in Figure 5 , it is clear that the inner slope does not affect the total boost caused by substructure, neither the overall magnitude of the effect nor the structure in the (m φ /m χ ,α) plane. The main difference in DM annihilation flux between the different dark matter density profiles is therefore given by the normalization of the L ∝ ρ If the DM density profiles of halos is better described by an Einasto profile then the substructure boost is affected more strongly by the shape parameter α which basically describes how cored the DM density profile is. Changing α has a greater impact on changing the overall DM density profile and therefore also plays a larger role in the relation between the characteristic density, the concentration, and the mass of the subhalo. The total boosts for a M = 10 8 M ⊙ subhalo is shown in Figure  6 (bottom panels) for two different values of the shape parameter α which span the range found in numerical simulations (for values of α greater than 0.2 the behavior basically saturates at that of α = 0.2). For α = 0.1 the total boost is about the same as for the GNFW profile shape, which is understandable given that the Einasto profile is more cuspy for smaller values of α. The same dependence on the parameter m φ /m χ as is seen for the GNFW profile is displayed for the Einasto profile. In the case that α is larger the substructure boost reaches slightly larger values than for the GNFW density profile. Thus, as was the case for the GNFW profile, the impact of the different normalization of the ρ In Figure 7 the effect of varying two more of the many parameters introduced in the previous section is shown. The slope of the subhalo mass function n was set to -0.9 before, corresponding to the results from the latest high-resolution numerical simulations. In Figure 7 (top panels) we show the effect of both a shallower as well as a steeper subhalo mass function. The value of n = −0.7 corresponds to the shallow slope found in Ref. [125] . We see that the effect of such a shallow slope is to seriously [69] , (4) Simon and Geha [70] .
reduce the substructure boost, which is simply a consequence of the fact that for a shallower slope less substructure is found in smaller and more concentrated clumps.
A steeper slope such as n = −1, as was found in the Table I .
recent Via Lactea simulation [6] leads to a substructure boost which is about an order of magnitude larger than for the fiducial n = −0.9 value. The effect of the thermal free-streaming scale of DM on the substructure boost is shown in Figure 7 (bottom panels). This effect is relatively large since the freestreaming scale sets the scale of the smallest and most concentrated DM halos and raising or lowering this scale therefore changes an important part of the contribution to the substructure boost. For very large values of the free-streaming scale such as m 0 = 10 −3 M ⊙ , the substructure boost becomes about an order of magnitude smaller. When the free-streaming scale becomes very small, much of the substructure is in very small, cold clumps, such that the total boost becomes about an order of magnitude larger.
IV. PREDICTED ANNIHILATION SIGNALS FOR DWARF SPHEROIDALS
Besides detection of DM annihilation from the Galactic Center or the diffuse component from the Galactic halo, there idea exists that the best candidates for DM annihilation detection might be the dwarf Spheroidal satellite galaxies (dSphs) of our Galaxy, since the dwarf galaxies are believed to be the most dark matter dominated structures in the Universe, and the DM annihilation signal coming from them would be much easier to distinguish from background sources than, e.g., would be the case for DM annihilation photons coming from the Galactic Center. That dSphs make good candidates for DM annihilation detection has been much discussed before, especially for the "classical", or pre-SDSS, dSphs [62, 110, 142, 143, 144, 145] . The annihilation signal coming from Draco has been the subject of much research in recent years because of its relative proximity to the Earth [65, 110, 144, 146, 147, 148, 149, 150] . The prospects for DM annihilation detection from dSphs has in general been found to be rather poor, with detection with Fermi being unlikely [150, 151] . Some of the dSphs have already been the subject of observational searches for DM annihilation and some limits on the DM annihilation signal have already been set [152, 153, 154, 155, 156, 157] .
The dSphs discovered by SDSS have also been suggested to make good candidates for DM annihilation detection, because of their very large mass-to-light ratios (∼ 10
3 ) [67, 68] . In the context of the Sommerfeld enhancement, these recently discovered dSphs are especially interesting, since they also have the smallest velocity dispersion of all of the known satellites of our Galaxy. Predicting the DM annihilation signal from these lowsurface brightness galaxies is complicated by the dearth of kinematical tracers of the DM distribution and their contamination with background stars [158] . Nevertheless, detailed studies have constrained the DM density and velocity dispersion profiles of some of these dSphs [65, 73, 141] . We will use some of the results on the DM density and velocity profiles found in these studies to show the extra effect of the Sommerfeld enhancement on the predicted DM annihilation signal from some of these dSphs.
We consider the dSphs given in Table I here. Eight of the dSphs are classical dwarf galaxies and we use the DM density profiles fitted to them in Ref. [141] . In this the DM density profiles of the dSphs were not completely determined by the available data-a degeneracy between the parameters of the NFW profile used to describe the DM density and the King profile used to fit the luminous component of the galaxies was found-and the concentration-mass relation from CDM [71, 72] was used to break the degeneracy. Since these authors expressed their results in the form of the r max and v max parameters of the DM density profiles, we use the procedure outlined in Section III B to convert these to ρ s and r s values. As these v max and r max parameters were fit to an NFW DM profile, we will only consider an NFW profile for the dSphs here, but the general conclusions about the importance of the exact profile shape also hold in these particular cases. The velocity dispersions of these dSphs are taken from Ref. [69] and we again model these subhalos as having a constant velocity dispersion.
We also consider some of the newly discovered dSphs. In particular we discuss the prospects for DM annihilation detection from Coma Berenices and Ursa Major II, and we use the best fit values to the available data from Ref. [67] . Since these authors directly quote ρ s and r s values we do not include r max and v max values for these dSphs. We use the velocity dispersions determined for these galaxies in Ref. [70] .
In order to calculate the substructure boost to the DM annihilation cross section we need the mass of the dSphs. Many definitions of the mass of the galaxy could be used here, among the more appropriate ones is the mass contained inside the tidal radius, i.e., the radius inside of which material in the dSph is safe from being tidally stripped by the Galaxy. However, since we are considering the DM annihilation flux coming from within the radius r −2 we will use the mass contained within this radius to calculate the substructure boost. This is more appropriate since (1) it can be calculated straightforwardly from the DM density profile of the dSph and (2) the mass contained within r −2 is really the more relevant mass to calculate the substructure boost, since we are only interested in contributions to the DM annihilation flux coming from within the radius r −2 .
Because of the similarities between some of the DM density profiles of the dSphs in Table I we do not show the predicted annihilation fluxes for all of the dSphs in Figure 8 , instead focusing on a representative sample of them. Inspection of Table I shows that annihilation flux of the dSphs not shown here will be similar to that of the ones shown in Figure 8 .
At this point we can also make a connection to another quantity that is often used to describe the astrophysical contribution to the DM annihilation signal, J. This quantity is generally defined as
and is therefore equal to the line-of-sight integral over the density squared averaged over solid angle. We can define a slight variant of this which takes into account the Sommerfeld enhancement
in which S is the Sommerfeld enhancement averaged over the distribution of relative velocities. If we work this out for the dwarf Spheroidals, using the expression from equation (14) for the line-of-sight integral averaged over the solid angle spanned by the scale radius r s we find that thisJ is approximately equal to the total boost B, with a pre-factor O(1). Therefore in the case of the dSphs studied here theJ can be approximately read off from the top panels of Figure 5 . It is clear from Figure 8 that the DM annihilation flux predicted to be coming from the dSphs is very large in a large class of models. We have to stress here that our predicted fluxes are all for the particle physics specific parameters given in Section III A, i.e., σv = 3×10 −26 cm 3 s −1 , m χ = 700 GeV and a particular form for the DM annihilation spectrum. To predict the gamma-ray flux for a particular model with different values of these particle physics parameters one is required to calculate the particle physics parameter specific factor to the DM annihilation flux and appropriately rescale the values given here. In order to compare these signals to the expected background flux we will only consider contributions to the background flux of extragalactic gamma rays. Although there are also contributions to the background flux from pion-decay, inverse Compton scattering, and Bremsstrahlung, at the high Galactic latitudes at which the dwarf Spheroidals are found these are all of the same order or smaller than the extragalactic background [159] . We have integrated the extragalactic gamma ray flux as measured by EGRET over the energy range between 4 GeV to 250 GeV and multiplied it with the solid angle that the dSphs span on the sky. The extragalactic gamma ray flux is given by a power law [160] 
where k = 7.3 × 10 −6 cm −2 s −1 sr −1 GeV −1 , α = 2.10, and E 0 = 0.45 GeV. We have included the background flux of extragalactic photons in Figure 8 . This background flux is in all cases of the order of 10 −9 to 10 −10 photons cm −2 s −1 , such that the DM annihilation boosted by substructure and Sommerfeld enhancement outshine this background in most of the parameter space, and by a few orders of magnitude in most models. Given that the flux above 100 MeV over a 55 days time-span [114] , the DM annihilation of these dSphs should be detectable by Fermi in many of the models parametrized by (m φ /m χ , α). The Ursa Major II dSph is the only dSph for which the DM annihilation dominates the background in all the regions of parameter space. This shows that the newly discovered, most-dark-matter-dominated satellite galaxies are possibly the best targets for the indirect detection of DM. We conclude that the prospects for detecting DM annihilation from the dSphs with Fermi are very good in models that include a significant Sommerfeld enhancement.
V. THE ANNIHILATION SIGNAL FROM SUBHALOS IN VIA LACTEA II
Besides the satellite galaxies that have been observed in the Galactic halo CDM predicts that the halo is filled with hundreds of individual subhalos-a fact which gives rise to the so-called "missing satellites problem" [57, 58] . Each of these subhalos has a mass of the order of the masses of the observed dSphs or smaller, and thus will be kinematically cold with respect to the main halo. Thus, the total DM annihilation signal coming from all of the substructure will be boosted by the Sommerfeld enhancement described above, such that an appreciable DM annihilation signal could be expected from all of the substructure. In this section we get a feeling for the expected signal from DM substructures in a typical Galaxy-sized halo. If the DM annihilation signal from subhalos without star formation could be detected this could give a clear signal that the DM exists and would open up a whole new arena for testing CDM.
We use the distribution of DM subhalos from the Via Lactea II numerical N -body simulation 1 [38] . Via Lactea II is a state-of-the-art N -body simulation of a Galaxy- sized halo since redshift 104.3. It sampled the region of the main halo with 1.1 × 10 9 particles, each with a mass of 4,100 M ⊙ . Over 40,000 subhalos can be resolved within 402 kpc of the center of the main halo and 20,047 subhalos are detected which had a peak circular velocity larger than 4 km s −1 at some time. The properties of the subhalos in this latter sample can be accurately established, i.e., they are unaffected by resolution effects. We select from this sample the 9,830 subhalos which lie within the tidal radius of the main halo, which is approximately 462 kpc. We show the distribution of these subhalos in mass and distance from the Sun in Figure 9 . We have placed the Sun at random locations at a distance of 8.5 kpc of the center of the main halo, corresponding to an earth-based-observer-like vantage point. The distribution of the distances in Figure 9 is given for three of these random observers and the distribution is very similar for all three observers. We see that most of the subhalos have masses in the range 10 4 to 10 6 M ⊙ , with subhalos with masses of the order of the dSphs being relatively rare. The lower limit is of course set by the finite numerical resolution of the simulation and doesn't correspond to a physical cut-off-indeed, the physical cut-off lies at the thermal free-streaming scale. The distribution of the distance to the subhalos shows that the distribution of the subhalos is strongly radially anti-biased, with a sharp cut-off caused by our cut at the tidal radius of the main halo. This radial anti-bias is a consequence of the fact that there is much more space far away from the center of the galaxy, and because of the strong tidal forces near the center of the galaxy, which strongly affects halos which pass near the center of the galaxy. For each halo we can estimate the velocity dispersion using the mass-velocity dispersion relation given in equation (34) and we can calculate the characteristic density ρ s and the characteristic length-scale r s from the values of v max and r max given for each subhalo, by the procedure outlined at the end of Sec. III B. For a given set of particle physics parameters m φ /m χ and α this allows us to calculate the total boost to the DM annihilation cross section for each of the subhalos, and by using the assumptions about the particle physics given in Sec. III A we can also calculate the photon flux from DM annihilation coming from each subhalo, and the total gamma-ray flux coming from all of the subhalos combined.
We only cover some typical cases for the Sommerfeld enhancement here which suffices to show the general trend. We consider the particle physics parameters m φ /m χ and α which give rise to the smallest Sommerfeld enhancements in Figures 10 and 11 , i.e., m φ /m χ = 10
and α = 0.001. The top panel of Figure 10 shows the distribution of gamma-ray fluxes from DM annihilation for the subhalos, while the bottom panel shows the distribution of the total boost factors. As can be seen, the total boost factors are quite small: the typical boost factor is only about 30 with the highest boost factors being about 100. The total gamma-ray flux coming from subhalos is then also quite small in this case, as is shown in Figure 11 , in which the total gamma-ray flux is shown for 1,000 random observers at a distance of 8.5 kpc from the galactic center. At most observation locations this total flux is about 10 −7 cm 2 s −1 , with the high-end tail not extending further than about half an order of magnitude from this. For comparison the dashed histogram in Figure 11 shows the same distribution of total gamma-ray flux for different random observers in the absence of any Sommerfeld enhancement. This confirms that the total gamma-ray flux with Sommerfeld enhancement is about an order of magnitude larger than without Sommerfeld enhancement. Figures 12 and 13 show the same for a different extremum of the Sommerfeld enhancement: the case in which m φ /m χ = 10 −5 and α = 0.1. As we saw before, in this case the Sommerfeld enhancement can reach very high values, and thus we see that the typical DM annihilation signal coming from DM subhalos is large: the typical flux for one subhalo is equal to the total flux in the scenario described in the previous paragraph. The total boost factors for most of the halos are very large, of the order of 10 7 , which gives rise to this very large photonflux. The total predicted flux in this case is many orders of magnitude larger than the total flux in the other extremum of the Sommerfeld enhancement and about seven orders of magnitude larger than the total gamma-ray flux in the absence of any Sommerfeld enhancement. Thus, the exact value of the parameters m φ /m χ and α, upon which the Sommerfeld enhancement depends, matters a great deal for the predicted gamma-ray flux.
Finally, we look at the expected signal coming from subhalos when the Sommerfeld enhancement is at a resonance, the same distribution as before are shown in Figures 14 and 15 . Again we find large boost factors and large individual and total gamma-ray fluxes, although they are smaller than the values found for the m φ /m χ = 10 −5 and α = 0.1 parameter set. However, since these values are near a resonance in a region of parameter space around which the predicted signal looks more like that for the parameter set m φ /m χ = 10 −2 and α = 0.001, this again shows that whether dark halos, i.e., subhalos without star formation, can be detected through DM annihilation products depends very sensitively on the particle physics parameters upon which the Sommerfeld enhancement depends.
In conclusion we can say that in a scenario in which there is Sommerfeld enhancement there is much more hope to detect dark subhalos than in more conventional scenarios, but that the details of the prediction depend strongly on the underlying particle physics.
VI. CONCLUSION
The recently proposed Sommerfeld enhancement to the DM annihilation cross section forces us to reconsider statements made in the past about the expected signal of DM annihilation from cold substructures in the halo of the Galaxy. Since the Sommerfeld enhancement depends critically on the velocity dispersion of the substructure in question, as well as on the details of the particle physics model used to describe the attractive (or, possibly, repulsive) force that gives rise to the Sommerfeld enhancement, the contributions from the specific particle physics model and the details of the DM distribution in the substructure can no longer be as cleanly separated as they have been before. This means that in a scenario in which there is a significant Sommerfeld enhancement, previous claims of "particle physics independent" conclusions about the DM annihilation signal from substructure (e.g., [39, 65] ) need to be reconsidered in this new framework. This complicates the analysis but it opens up new possibilities for detecting DM annihilation and learning about the properties of the dark sector. As we showed above, the combination of the Sommerfeld enhancement and the substructure that is believed to exist down to small scales leads to very large boost factors because of the combined effect of the higher densities of small subhalos as well as the fact that they are kinematically colder than the larger halos. This leads to predictions for the DM annihilation gamma-ray flux that are much larger than was previously believed. As we showed in Sec. IV, in models in which there is a significant Sommerfeld enhancement at the level of the Galactic halo and its subhalos, the DM annihilation signal from the dwarf Spheroidals outshines the extragalactic background flux and the pre-dicted gamma-ray fluxes are so large that they should be detectable by Fermi. Given a detailed knowledge of the density structure and velocity dispersion profile of the dwarf Spheroidal galaxies, much can then be learned if we are able to detect the DM annihilation signal coming from these dSphs, by considering the relative signal and using the results of Sec. IV, or by using the detailed velocity dispersion profile of the dSphs [161] .
We have focused on the consequences of the Sommerfeld enhancement for DM subhalos in a ΛCDM cosmology, using the latest results from high-resolution numerical N -body simulations to inform our assumptions about the abundance and properties of the substructure. Under these assumptions we were able to show that there are very large boosts to the DM annihilation cross section from the combined effect of substructure boosts and Sommerfeld enhancement in large parts of the parameter space consisting of the parameters of the attractive Yukawa type force between the DM particles which is responsible for the Sommerfeld enhancement. These regions of parameter space are in no way unrealistic. Indeed, in one of the most straightforward interpretations of the ATIC/PAMELA results, the sharp cut-off around 1 TeV seen in the ATIC spectrum is interpreted as being a consequence of the fact that the dark matter mass is about 700 GeV. The absence of an excess in anti-protons similar to the excess in positrons seen by PAMELA can be explained by positing that the dark matter particles annihilate to an intermediate boson φ, which is lighter than a proton (or even, lighter than the effective quark mass Λ QCD ) in order to kinematically forbid the annihilation into protons [30] . This naturally leads to a m φ /m χ 10 −3 . The coupling constant of the new force in the dark sector is also generally α 10 −2 [8, 26] . Thus, from Figure 5 , we expect there to be a rather large boost to the DM annihilation cross section in these models. This leads to particularly large DM annihilation signals predicted for the dSphs (see Figure 8) .
We have not discussed the substructure boost to the DM annihilation signal from unresolved substructure, such as very small subhalos and DM tidal debris from disrupted subhalos, in the Galactic halo. This is, however, interesting in the light of the Sommerfeld enhancement, since it might lead to a different prediction about the relative magnitudes of the annihilation signal coming from the resolved Galactic halo and unresolved halo, as well from the resolved substructures in the Galactic halos. It is already clear that in the generic 1/v Sommerfeld enhancement the main halo, with its typical velocity dispersion of ∼ 150 km s −1 , will receive a much smaller enhancement than the dSphs, with their typical velocity dispersions of 10 km s −1 . This, however, ignores the effects of saturation and resonances, which might be important in the specific particle physics model adopted for the Sommerfeld enhancement. Additionally, while the velocity dispersion of the Galactic halo might be of the order of 100 km s −1 , the actual velocity dispersion relevant to the Sommerfeld enhancement might be much smaller for halo DM particles. If a large fraction of the DM in the Galactic halo is part of a cold stream-and various numerical simulations predict that large parts of the halo, if not all of the halo, are made up of such cold streams with typical velocity dispersions of the order of 1 km s −1 [59, 60] -then, in addition to any boost caused by density enhancements in the stream [162] , the boost from the Sommerfeld enhancement could also play a large role, as the relevant relative velocity of DM particles is set by the velocity dispersion of particles in the stream, and not by the velocity dispersion of the streams in the halo, which is what the 100 km s −1 Galactic halo velocity dispersion corresponds to in these scenarios. Thus, the expected DM annihilation signal from the main halo could be much larger than that naively expected for a halo with a velocity dispersion of 100 km s −1 .
